Autophagy is an important catabolic process that delivers cytoplasmic material to the lysosome for degradation. Autophagy promotes cell survival by elimination of damaged organelles and proteins aggregates, as well as by facilitating bioenergetic homeostasis. Although autophagy has been considered a cell survival mechanism, recent studies have shown that autophagy can promote cell death. The core mechanisms that control autophagy are conserved between yeast and humans, but animals also possess genes that regulate autophagy that are not present in yeast. These regulatory differences may be explained by the need to control autophagy in a cell context-specific manner in multicellular animals, such as during cell survival and cell death. Autophagy was thought to be a bulk cytoplasmic degradation mechanism, but recent studies have shown that specific cargo is recruited for degradation. This suggests the possibility that either cell survival or death may be regulated by selective autophagic clearance of cytoplasmic material. Here we summarize the mechanisms that regulate autophagy and how they may contribute to cell survival and death.
A utophagy (self-eating) is an evolutionarily conserved catabolic process that is used to deliver cytoplasmic materials, including organelles and proteins, to the lysosome for degradation. Three types of autophagy have been described, including macroautophagy, microautophagy, and chaperone-mediated autophagy . Although macroautophagy involves the fusion of the double membrane autophagosome and lysosomes, microautophagy is poorly understood and thought to involve direct uptake of material by the lysosome via a process that appears similar to pinocytosis. By contrast, chaperone-mediated autophagy is a biochemical mechanism to import proteins into the lysosome; it depends on a signature sequence and interaction with protein chaperones. Here we will focus on macroautophagy (hereafter called autophagy) because of our knowledge of this process in cell survival and cell death.
Autophagy was likely first observed when electron microscopy was used to observe "dense bodies" containing mitochondria in mouse kidneys (Clark 1957) . Fiveyears later, it was reported that rat hepatocytes exposed to glucagon possessed membrane-bound vesicles that were rich in mitochondria and endoplasmic reticulum (Ashford and Porter 1962) . Almost simultaneously, it was shown that these membrane-bound vesicles contained lysosomal hydrolases (Novikoff and Essner 1962) . In 1965 de Duve coined the term "autophagy" (Klionsky 2008) .
The delivery of cytoplasmic material to the lysosome by autophagy involves membrane formation and fusion events (Fig. 1) . First an isolation membrane, also known as a phagophore, must be initiated from a membrane source known as the phagophore assembly site (PAS). de Duve suggested that the smooth endoplasmic reticulum could be the source of autophagosome membrane (de Duve and Wattiaux 1966) , and subsequent studies have supported this possibility (Dunn 1990; Axe et al. 2008) . Although controversial, mitochondria and plasma membrane could also supply membranes for the formation of the autophagosomes under different conditions (Hailey et al. 2010; Ravikumar et al. 2010) . The elongating isolation membrane surrounds cargo that is ultimately enclosed in the double membrane autophagosome. Once the autophagosome is formed, it fuses with lysosomes (known as the vacuole in yeasts and plants) to form autolysosomes in which the cargo is degraded by lysosomal hydrolases. At this stage lysosomes must reform so that subsequent autophagy may occur (Yu et al. 2010) .
AUTOPHAGY GENES
Autophagy is best characterized in the yeast Saccharomyces cerevisiae, in which genetic screens resulted in the identification of genes that are required for autophagy. Screens for yeast mutants with defects in either autophagic structures, degradation of cytoplasmic proteins, or possessing altered cytoplasm to vacuole targeting resulted in the identification of Apg, Aut, and Cvt mutants (Tsukada and Ohsumi 1993; Thumm et al. 1994; Harding et al. 1995) . The recognition that some of these mutations were in common genes ultimately resulted in the renaming of these autophagy regulators as Atg genes (Harding et al. 1996; Klionsky et al. 2003) . Over 30 autophagy genes have been identified in yeast, and many of these genes are conserved in animals (Weidberg et al. 2010) .
Autophagy is regulated by Atg1 and its interacting proteins, Vps34 and its interacting proteins, and two ubiquitin-like conjugation systems (Fig. 2) . Atg1 (Ulk1 and 2 in mammals) is a serine -threonine protein kinase, and its kinase activity is required for autophagy (Matsuura et al. 1997; Kamada et al. 2000) . Atg13 is the regulatory sub-unit of the Atg1 kinase complex that also includes FIP200 and Atg101 in animals (Weidberg et al. 2010 ). Atg1, Atg13 and FIP200 (Atg17) are present in yeast. However, the other Atg1 complex components, including Atg11, Atg20, Atg24, Atg29, and Atg31, do not appear to be encoded by animal genomes. Atg1 is necessary for the induction of autophagy in different cell types, and expression of Atg1 is also sufficient for the induction of autophagy in Drosophila (Scott et al. 2004 (Scott et al. , 2007 Berry and Baehrecke 2007; Chan et al. 2009 ).
The Vps34 regulatory complex is comprised of the lipid kinase Vps34 (also known as class III phosphatidylinositol 3 (PI3) kinase), Atg6 (known as Beclin1 in mammals), and the protein Macroautophagy (autophagy) delivers cytoplasmic cargo to lysosomes for degradation, and involves membrane formation and fusion. The isolation membrane is initiated from a membrane source known as the from the phagophore assembly site (PAS). The isolation membrane surrounds cargo, including organelles and proteins, to form a double membrane autophagosome. Autophagosomes fuse with lysosomes to form autolysosomes in which the cargo is degraded by lysosomal hydrolases.
kinase Vps15 ( p150 in mammals) (Simonsen and Tooze 2009 ). This core complex regulates the formation of PI3 phosphate (PI3P) lipids, and is required for multiple intracellular vesicle trafficking pathways, including endocytosis and autophagy. The Vps34 complex has different proteins associated with it that are thought to be specific to the vesicle process that is regulated, and in the context of autophagy these include Atg14 and Vps38 (UVRAG in mammals). The Vps34 complex components have been localized to the PAS, and are required for the formation of autophagosomes (Juhász et al. 2008) . Although some studies have suggested that mTOR is in a common regulatory pathway with Vps34 Nobukuni et al. 2005) , others have suggested that these complexes function in parallel genetic pathways (Juhász et al. 2008; Jaber et al. 2012) . Two ubiquitin-like conjugation pathways are required for autophagy, and involve the ubiquitin-like proteins Atg8 (LC3 in mammals) and Atg12 (reviewed in Ohsumi 2001) . The carboxy-terminal glycine of Atg8 is covalently bound to phosphatidylethanolamine (PE) following processing by the cysteine protease Atg4 Kabeya et al. 2000; Kirisako et al. 2000) , whereas Atg12 is ultimately associated with Atg5 and Atg16 (Kuma et al. 2002) . Both Atg8 and Atg12 conjugation systems use a common E1-like activating enzyme Atg7 (Tanida et al. 1999) . Although the Atg8 conjugation system uses Atg3 as an E2-like conjugating enzyme, the Atg12 conjugation system uses Atg10 and associates with Atg5 and Atg16. Atg8-PE is associated with both the isolation membrane and autophagosome, whereas the Atg12, Atg5, and Atg16 complex is only associated with the isolation membrane and disassociates on formation of the autophagosome.
Although autophagy was long considered a bulk degradation process with limited specificity, recent studies have clearly shown that specific cargoes are recruited to autophagosomes for destruction (reviewed in Johansen and Lamark 2011) . Several factors have been identified that are required for selection of proteins as cargo for autophagosomes, including p62/SQSTM1/ Ref(2)P, Nbr1, and Alfy (Bjørkøy et al. 2005; Kirkin et al. 2009; Filimonenko et al. 2010) . Autophagosomes can also consume large cargoes, including peroxisomes ( pexophagy) (Manjithaya et al. 2010) , mitochondria (mitophagy) (Elmore et al. 2001) , ribosomes (ribophagy) (Kraft et al. 2008) , and lipid droplets (lipophagy) (Singh et al. 2009 Figure 2 . Core pathways that regulate autophagy. Atg1 and its interacting proteins, Vps34 and its interacting proteins, and two ubiquitin-like conjugation systems are required for the elongation of the isolation membrane and formation of an autophagosome.
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Cite this article as Cold Spring Harb Perspect Biol 2012;4:a008813 organelles may all influence cell survival and death, the removal of mitochondria is particularly interesting in this context given the role of this organelle in bioenergetics and the regulation of cell death. In yeast, Atg32 targets mitochondria to autophagosomes (Kanki et al. 2009; Okamoto et al. 2009 ), but this protein does not appear to be present in animals. In animals, Parkin and Nix mediate the selective recruitment of mitochondria to autophagosomes (Narendra et al. 2008; Novak et al. 2010) . Recruitment of Parkin to damaged mitochondria requires PINK1 (Narendra et al. 2010) , and the association of mutations in these genes with Parkinson disease families raises interesting possibilities about the role of autophagy in neurodegeneration.
The formation of autophagosomes is succeeded by docking and fusion with the lysosomes to form the autolysosome, and this process uses the Rab-SNARE system and other molecules that regulate membrane fusion (Nair et al. 2011 ). Unlike yeast, in which a single vacuole (lysosome) fuses with all autophagosomes, multiple lysosomes fuse with each autophagosome in animals (Yu et al. 2010 ). Subsequently, lysosomal hydrolases degrade the cargo, and the resulting macromolecules are released into the cytosol for further recycling. Therefore, the rate of autophagy (also known as autophagic flux) depends on both the number of autophagosomes that are formed and the degradative capacity of lysosomes and turnover of autophagic cargo within the cell. This is an important consideration during experimentation when increased numbers of autophagosomes may not necessarily indicate greater autophagic flux, as it may also reflect decreased degradation capacity. Once autolysosmes form, lysosome number is restored, and this process depends on mTOR function (Yu et al. 2010 ).
AUTOPHAGY GENES THAT ARE SPECIFIC TO MULTICELLULAR ANIMALS
Our knowledge of the core molecular mechanisms controlling autophagy is based on studies in yeast. However, several recent studies indicate that the regulation of autophagy may differ in multicellular animals. As mentioned above, the components and regulation of the Atg1 complex differs between yeast and animals (reviewed in Weidberg et al. 2010 ). In addition, novel regulators of the Vps34 complex are restricted to higher animals, with the best example being AMBRA1 that is present in mammals but absent in invertebrates (Fimia et al. 2007) . It remains to be determined if some of the elegant emerging mechanisms for the regulation of autophagy in mammalian cells, including roles for Bcl-2 (Pattingre et al. 2005) , lipid phosphatases (Vergne et al. 2009) , and other factors, are conserved in diverse taxa.
The most comprehensive genetic screen for genes that are required for autophagy in animals was conducted by Zhang and colleagues (Tian et al. 2010) . They screened for mutations that inhibited clearance of PGL granules in nematode embryos. In addition to the identification of many known core autophagy genes, they identified four ectopic PGL granule (epg) genes named epg-2, -3, -4, and -5 that are specific to multicellular animals. Although epg-3, -4, and -5 are required for starvation-induced autophagy, epg-2 mediates the recognition of cargo (e.g., aggregates of P granule proteins) for delivery to autophagosomes. epg-2 encodes a protein that appears to be specific to nematodes. By contrast, epg-3 encodes a protein that is conserved in Arabidopsis, Drosophila, and mammals, but no similar protein is present in S. cerevisiae. Like epg-3, epg-4 encodes a protein that is conserved in plants and animals, but no similar protein is present in yeast. epg-5 encodes a protein that is conserved in Drosophila and is known as VMP1 in mammals (Dusetti et al. 2002) , but no similar proteins are present in either Dictyostelium, Arabidopsis, or S. cerevisiae. It is interesting to note that human homologs of the genes identified in this study have been implicated in cancer and other diseases (Gu et al. 2000; Dusetti et al. 2002; Sjöblom et al. 2006) .
It is logical that multicellular animals may need specialized mechanisms for the regulation of autophagy in different situations. Although autophagy is a conserved catabolic process, this process may be adapted for use in specific cell contexts, such as cell survival and cell death. Although differences in autophagy may be specified at the level of recruitment of specific cargoes to autophagosomes, it is also possible that different types of autophagy are regulated by distinct activation and repression mechanisms. For example, the conserved immuno receptor Draper is required for autophagy in dying salivary glands in Drosophila, but not for autophagy in the fatbody where this process promotes nutrient utilization and cell survival . A lack of experimental animal models to study autophagy in specific cell contexts is a limitation facing this research field.
AUTOPHAGY IN CELL SURVIVAL AND NUTRIENT UTILIZATION
Autophagy is involved in maintaining cellular homeostasis. Therefore, it is important to understand the regulation of basal autophagy under normal nutrient conditions. A recent genome-wide screen identified many genes that either suppress or enhance basal autophagy, including a mTOR-independent mechanism for the regulation of autophagy (Lipinski et al. 2010) . Another high-throughput study identified numerous proteins that interact with the proteins known to regulate autophagy under basal conditions, thus providing a comprehensive parts list that will enable the dissection of the molecular mechanisms underlying basal autophagy (Behrends et al. 2010) .
Studies in yeast pioneered our understanding of the genes that control autophagy, and much of this work has focused on stress-induced autophagy under nutrient-limiting conditions in which catabolism promotes cell survival. Like yeast, autophagy is induced by nutrient limitation in animals, and this influences the bioenergetics of the cell and possibly the organism (Lum et al. 2005) . The importance of autophagy during animal starvation is exemplified by the important study showing that mice deficient for Atg5 appear almost normal at birth but die within 1 day of birth (Kuma et al. 2004) .
AMPK (SNF1 in yeast) and mTOR are conserved kinases that sense energy and nutrient stress. Both of these kinases influence the activity of Atg1 (ULKs in mammals) to regulate autophagy (Fig. 3) (Samari and Seglen 1998; Kamada et al. 2000; Wang et al. 2001; Scott et al. 2004; Meley et al. 2006) . mTOR is inhibited Figure 3. AMPK and mTOR are conserved kinases that sense energy and nutrient stress, and influence the activity of Atg1 to regulate autophagy. mTOR influences the activity of the Atg1 complex and autophagy. AMPK regulates autophagy by inhibition of mTOR by phosphorylation of TSC2 and Raptor. AMPK can also influence autophagy by phosphorylation of Atg1/Ulk1.
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Cite this article as Cold Spring Harb Perspect Biol 2012;4:a008813 upon withdrawal of growth factors, such as insulin or insulin-like growth factors, by a cascade of phosphorylation reactions involving Class I PI3K, Akt, TSC1/TSC2, and Rheb (Wullschleger et al. 2006) . In mammalian cells, mTOR can also be regulated by a novel mechanism involving localization to the lysosome (Sancak et al. 2010) . AMPK regulates autophagy by inhibition of mTOR by phosphorylation of TSC2 and Raptor (Inoki et al. 2003; Gwinn et al. 2008) . Furthermore, three recent papers show that AMPK-dependent phosphorylation of Ulk1 can regulate autophagy in nutrient-limiting conditions (Lee et al. 2010; Egan et al. 2011; Kim et al. 2011) , although the details of these studies vary. Adirect interaction between AMPK and Ulk1 has also been shown (Behrends et al. 2010) . The molecular players of starvation-induced autophagy have been studied in considerable detail when compared to autophagy that is induced by several other stresses, such as endoplasmic reticulum stress and hypoxia. Another important challenge that eukaryotic cells face is to combat microorganisms and hostile environments, and autophagy plays a major role in cellular defense and survival under these conditions (Deretic 2011) . In addition to sensing stress, multicellular organisms appear to use developmental signals to regulate autophagy. It is possible that these signals, including hormones, are activated as part of a systemic stress response, but it is also possible that signals during development induce autophagy to regulate cell remodeling. In the context of some animals, this remodeling may be the most efficient method to recycle material for development while maintaining organism fitness and survival. Given the important role of autophagy in stress responses and maintenance of cellular homeostasis, more work is needed to understand if autophagy that is induced by developmental signals is part of a stress program.
AUTOPHAGY IN CELL DEATH
Schweichel and Merker identified three types of cell death based on the role and location of lysosomes inside the cell (Schweichel and Merker 1973) . Type II, later called autophagic cell death, is distinguished from type I (apoptotic) cell death by the presence of abundant autophagic structures in the dying cell, a lack of phagocyte recruitment, and, in some instances, by caspaseindependence (Schweichel and Merker 1973; Clarke 1990; Baehrecke 2005) . The functional contribution of autophagy to cell death has been a subject of great controversy. The reason for controversy appears to be related to the historical focus on autophagy as a cell survival process that is described above. In addition, until relatively recently limited empirical studies had been done to test whether autophagy genes actually facilitate cell death.
Multiple experimental systems have contributed to our recent understanding of autophagy and cell death. Dictyostelium discoideum, for example, lacks apoptosis machinery that could participate in nonapoptotic cell death making this a simpler system for the interpretation of the role of autophagy in cell death. Dictyostelium exists as a unicellular organism when it is grown on rich media. Upon starvation, however, thousands of cells aggregate to form a multicellular fruiting body in which stalks support balls of spores. These stalk cells undergo developmental cell death via autophagy, as mutations in Atg genes prevent the death of stalk cells (Otto et al. 2003; Kosta et al. 2004) . One limitation of this system is that Dictyostelium lacks apoptosis machinery, and an understanding of the relationship between autophagy and cell death in a system with intact apoptosis machinery is important to our understanding of how to modulate autophagy for therapeutic purposes in humans.
The contribution of autophagy to cell death has been studied most in Drosophila in which apoptosis machinery is involved in the death of multiple cell types (Ryoo and Baehrecke 2010) . In Drosophila, an increase in a steroid hormone triggers the destruction of obsolete tissues at the end of larval development (Jiang et al. 1997) . Dying larval midgut and salivary gland cells display markers of apoptosis, such as DNA fragmentation, acridine orange staining, and elevated levels of proapoptotic gene RNAs (Jiang et al. 1997; Lee and Baehrecke 2001; Lee et al. 2002 Lee et al. , 2003 . These cells also possess large numbers of autophagosomes and elevated levels of Atg RNAs (Lee and Baehrecke 2001; Lee et al. 2002 Lee et al. , 2003 Li and White 2003; Denton et al. 2009) . Surprisingly, midgut degradation is neither disrupted by expression of the pan-caspase inhibitor p35 nor by mutation of multiple caspases, indicating that apoptosis is dispensable for developmental midgut degradation (Denton et al. 2009 ). Interestingly, midgut destruction is blocked in animals with impaired Atg1, Atg2, or Atg18 function, directly implicating autophagy as a crucial process in steroid-induced degradation of midgut cells (Denton et al. 2009 ). Caspase deficiency does not enhance the Atg mutant midgut phenotypes, indicating that autophagic cell death in the midgut is caspaseindependent (Denton et al. 2009 ).
In contrast to the Drosophila midgut, destruction of larval salivary glands requires both caspases and autophagy (Berry and Baehrecke 2007) . Mutations in either Atg8 or Atg18 in addition to decreased function of a number of other Atg genes, all lead to the incomplete degradation of larval salivary glands. Similarly, Atg genes are required for cell death in the Drosophila amnioserosa and ovarian tissue (Hou et al. 2008; Mohseni et al. 2009; Nezis et al. 2009 Nezis et al. , 2010 . It is important to note that the roles and relationship of autophagy and caspases in dying salivary gland, amnioserosa, and ovarian cells in flies is cell context-specific (discussed below). In addition, although larval salivary gland cell death requires both caspases and autophagy for completion of cell clearance, Atg1-induced autophagy in salivary glands is sufficient to induce premature cell death in a caspase-independent manner (Berry and Baehrecke 2007) . Atg1 overexpression is also sufficient to cause cell death in the fat body and imaginal discs, but this death depends on caspase activity (Scott et al. 2007) .
Studies in the nematode C. elegans also indicate that autophagy contributes to cell death (Kang et al. 2007) . gbp-2 mutants show hyperactive muscarinic acetylcholine signaling in the pharyngeal muscle (You et al. 2006) , are sensitive to starvation, and induce excess autophagy and cell death. This phenotype can be partially suppressed by either beclin-1 or Atg-7 RNAi indicating that autophagy contributes to cell death.
Autophagy is also observed in dying cells throughout mammalian development, including the regression of the corpus luteum, the involution of mammary and prostate gland and the regression of Mullerian duct structures during male genital development (reviewed in Clarke 1990 ). Studies of derived mammalian cell lines have shown that Atg genes are required for cell death that occurs in the absence of caspase activity (Shimizu et al. 2004; Yu et al. 2004) , but no studies to date have shown that autophagy is required for the death of mammalian cells in vivo. However, studies of beclin1 mutant murine ES cells that form embroid bodies indicates that autophagy is required for lipid signaling that is required for clearance of dying cells (Qu et al. 2007 ).
AUTOPHAGY, CASPASES, AND CONTEXT SPECIFICITY FOR CELL DEATH
Autophagy promotes cell survival by catabolism of intracellular resources to maintain bioenergetics under nutrient limiting conditions. Furthermore, the elimination of damaged organelles and toxic protein aggregates by autophagy promotes cell survival. Therefore, loss of Atg gene function can promote cell death by apoptosis (Boya et al. 2005 ). In addition, autophagy can promote cell death, but this appears to occur in a cell type and context specific fashion (McPhee and Baehrecke 2009).
The cell context-specific function of autophagy in cell death has been best described in Drosophila in which autophagic cell death is known to occur in multiple cell types (Fig. 4) . During larval salivary gland degradation, autophagy and caspases cooperate to efficiently clear dying cells. Therefore, impaired function of either autophagy or caspases results in partially degraded salivary gland cells, whereas decreased function of both of these processes results in intact salivary glands. These data indicate that autophagy and caspases function in parallel genetic pathways to degrade salivary glands. By contrast, caspases act upstream of autophagy to direct both starvation-induced ovarian cell death (Hou et al. 2008 ) and degradation of amnioserosa embryonic membrane (Mohseni et al. 2009 ). In addition, autophagy selectively degrades the caspase inhibitor dBruce to activate caspases and execute cell death in the Drosophila ovary (Nezis et al. 2009 (Nezis et al. , 2010 ). As discussed above, autophagy plays a more prominent role in the death of fly midgut cells (Denton et al. 2009 ). Combined, these data indicate that multiple possible relationships exist between autophagy and caspases in dying fly cells, and it is important to determine if this is true in other organisms, including humans in which manipulation of autophagy could have therapeutic benefits.
Given the paucity of physiological in vivo models for autophagy and cell death in mammals, it is useful to consider what is known about this relationship in different types of cell lines that may reflect context-specificity. In mammalian cells, most reports of the involvement of autophagy in the execution of death are in cells that possess altered apoptotic pathways (Levine and Yuan 2005; Levine and Kroemer 2009) . Treatment of MCF-7 mammary cancer cells that lack caspase-3 with 4-hydroxytamoxifen triggers cell death with autophagy, suggesting the possibility that autophagy can compensate for defects in apoptosis (Bursch et al. 1996 ).
Lenardo and colleagues described a requirement for autophagy genes during cell death, and reported that U937 monocyte and L929 fibrosarcoma cells use Beclin1 and Atg7 for nonapoptotic cell death induced by caspase-8 inhibition (Yu et al. 2004 ). In another study, Tsujimoto and colleagues showed that Bax-/-and Bak-/-double knockout mouse embryonic fibroblasts undergo cell death accompanied by large scale autophagy, and this death was inhibited by knockdown of either Atg5 or Beclin1 (Shimizu et al. 2004) . Ryan and colleagues showed that p53-induced cell death is mediated by a stress-induced regulator of autophagy termed DRAM (Crighton et al. 2006) further emphasizing the role of autophagy in cell death. Like many cell death regulators, DRAM levels are decreased in human cancers. In addition, a recent report shows that a human ovarian epithelial cell line that expresses oncogenic H-Ras V12 undergoes caspase-independent autophagic cell death that relies on stress kinases, including MEK and ERK, Beclin-1 and Noxa (Elgendy et al. 2011) . Interestingly, Debnath and colleagues identified a noncanonical Atg12-Atg3 complex that did not influence starvation-induced autophagy, but when disrupted resulted in increased mitochondrial mass and inhibition of cell death that is mediated by mitochondria (Radoshevich et al. 2010) . Although the association of Beclin-1 with Bcl-2 provided one of the first molecular connections between autophagy and cell death (Liang et al. 1998) , much remains to be learned about the relationship(s) between autophagy and cell death regulatory pathways. Clearly, a mechanistic understanding of the relationship between autophagy and cell death is critical to the design of rationale therapies.
CONCLUSIONS
Here we have described the regulation and function of autophagy in cell survival and cell death, two important processes involved in health and disease. Autophagy is often considered a cell survival process (Levine and Kroemer 2009) , and it is clear that under nutrient restriction and cell stress, autophagy is augmented to protect the cell and maintain homeostasis. However, accumulating evidence indicates that autophagy can promote cell death, and how autophagy influences cell death appears to depend on the type and context of the cell.
The connection of autophagy to the control of metabolism, stress, survival, and death suggests that organism-specific utilization of this catabolic process is likely to occur. Autophagy is widely used to provide an internal source of nutrients under starvation conditions in organisms as diverse as yeast and humans, but this process may be augmented under organismspecific situations. In developing mice, for example, essential embryonic nutrients are supplied by the mother through the placental interface. At birth, when this supply is terminated, neonates face severe acute starvation, and autophagy is induced until mice are fed (Kuma et al. 2004) . Similarly, C. elegans enter an alternative dauer larval form during unfavorable environmental conditions. Autophagy is elevated in dauer larvae, and decreased function of beclin-1, unc-51 (Atg1 in worms), Atg7, lgg-1(Atg8a in worms) and Atg18 inhibits the completion of dauer development (Melendez et al. 2003) . Autophagy may also function to promote homeostasis by maintaining the health of stem cells. Indeed, a recent study showed that Atg7 plays a crucial role in adult mouse hematopoietic stem cell maintenance and survival by regulating mitochondrial quantity and quality (Mortensen et al. 2011) . These studies show that autophagy is used in organism-specific biological programs to promote homeostasis. Although these programs appear to use conserved autophagy programs, it is possible that the stimuli that trigger autophagy are specialized. As mentioned above, steroids trigger autophagy in a stage and tissue-specific manner during Drosophila development. Furthermore, at least one factor Draper has been identified that is specifically required for autophagy in dying cells, but not during starvation-induced autophagy in Drosophila . This study highlights the potential different roles and regulatory signaling mechanisms in different cell types. In addition, it is important to consider that differences in cell cargoes may also influence cell fates, including survival and death, as the depletion of survival factors is another way to kill a cell (Yu et al. 2006; Nezis et al. 2010) .
Numerous reports suggest a role for autophagy in human diseases, including cancer, neurodegeneration and other disorders. These are age-associated disorders, and aging is associated with the accumulation of by-products of metabolism, cell damage and the inefficient function of the machinery that degrades damaged cell material. In this context, Beclin-1, Atg7, Atg8, and Atg12 have been shown to be involved in lifespan of worms and flies (Hars et al. 2007; Juhász et al. 2007; Simonsen et al. 2007) , which is consistent with studies in mammals (reviewed in Cuervo 2008) . Thus, either inhibitors or inducers of autophagy might play a prominent role as therapeutics in combating diseases associated with autophagy (Fleming et al. 2011) . Promise exists to support autophagy as a therapeutic target, but caution is prudent when designing drugs that influence a fundamental catabolic process that appears to be involved in the health of all cells, particularly because of its cell context-specific functions in survival and death.
The multiple functions of autophagy are supported by complexity of disease phenotypes. For example, autophagy was first recognized as a potential tumor suppressor mechanism based on mono-allelic loss of Beclin1 in human tumors (Liang et al. 1999) , and this is consistent in murine models (Qu et al. 2003; Yue et al. 2003) . However, the mechanistic role of autophagy in tumor suppression is not completely clear. Although loss of autophagy can promote aneuploidy and the development of the transformed phenotype in cell lines (Mathew et al. 2009 ), it has also been implicated in tumor cell survival (Degenhardt et al. 2006) . Significantly, loss of Atg5 leads to benign adenomas in livers, but this phenotype is not observed in other tissues (Takamura et al. 2011 ). In addition, the failure of these benign adenomas to cause cancer suggests that autophagy is required for tumor progression. These results are consistent with studies showing that both pancreatic and mammary tumors require autophagy for maintenance of tumorigenesis (Wei et al. 2011; Yang et al. 2011 ), but differ from models in which autophagy activation facilitates tumor cell killing by multiple agents (Martin et al. 2009; Hamed et al. 2010) . Thus, the diametrically opposite roles of autophagy in tumor progression warrants further consideration for the development of rationale cancer therapies (Mah and Ryan 2012) .
The complex roles of autophagy in survival and death should also be considered when designing therapies for other disorders. Autophagy promotes the clearance of protein aggregates (Hara et al. 2006; Komatsu et al. 2006) and has an important neuroprotective role in several neurodegenerative disease models, including Alzheimer's and Huntington's (Menzies et al. 2011 ). In addition, recent evidence suggests that mitochondrial autophagy plays an important role in the pathogenesis of Parkinson's disease (Nixon and Yang 2012) . Although the promotion of autophagy in neurodegenerative disease models results in healthier individuals, it is also possible that too much autophagy could have deleterious effects, including problems with bioenergetics or even worse killing the cells while trying to protect them. Future work should not only consider how autophagy may promote cell survival or death, but what the impact of modulating autophagy may have on the health of the test subject and patient.
